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A B S T R A C  T
The present study evaluated the performance of biological denitrification in an anoxic sequencing batch biofilm 
reactor (ASBBR) and its nitrous oxide (N2O) emission. After 90 days operation, the effluent chemical oxygen 
demand and total nitrogen removal efficiencies high of 94.8% and 95.0%, respectively. Both polysaccharides 
and protein contents were reduced in bound EPS (TB-EPS) and loosely bound EPS (LB-EPS) after biofilm for-
mation. According to typical cycle, N2O release rate was related to the free nitrous acid (FNA) concentration 
with the maximum value of 3.88 μg/min and total conversion rate of 1.27%. Two components were identified 
from EEM-PARAFAC model in soluble microbial products (SMP). Protein-like substances for component 1 
changed significantly in denitrification process, whereas humic-like and fulvic acid-like substances for compo-
nent 2 remained relatively stable. High-throughput sequencing results showed that Lysobacter, Tolumonas and 
Thauera were the dominant genera, indicating the co-existence of autotrophic and heterotrophic denitrifiers in 
ASBBR.
1. Introduction
Nowadays, nitrate contamination from water resources is attracted
increasing attention with the rapid development of industrial and
agricultural (Jan Willem et al., 2013). Nitrate is potentially reduced to
nitrite that could combine with haemoglobin to form methaemoglobin
within the human body, which can be fatal to neonates (Ghafari et al.,
2008). It has been reported that the nitrate concentration in most rivers
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obtained results could provide useful information about the variations
of microbial metabolites and the behaviors of microbial community in
biological denitrification biofilm process.
2. Methods and materials
2.1. Experimental system and operation
The heterotrophic denitrification process was conducted in an
ASBBR, which was made of plexiglass (See Supplementary data for
more details). The effective volume of the ASBBR was 3.4 L (12 cm in
diameter and 30 cm in height), and the sampling port was set at 25% of
the height. The reactor was operated at a volumetric exchange ratio of
50% with a cycle of 8 h, resulting in the hydraulic retention time (HRT)
was 16 h. Biocarriers (K3 plastic media) were applied as biomass sup-
port with a packing rate of 40% (v/v). The diameter and height of each
carrier were 25mm and 12mm respectively, and the specific surface
area and bulk density were 500m2/m3 and 110 kg/m3, respectively.
The synthetic wastewater was prepared in a 60 L water tank, and
pumped into the reactor through a metering pump. A magnetic stirrer
was installed at the bottom of the reactor to make the biofilm and
wastewater mix thoroughly. The cycle was set at 8 h, including 5min of
influent, 380min of anoxic phase, 30min of settling time, 5min of
effluent and 60min of idle time. The biofilm was formed onto the
biocarriers after operating for two weeks, the effluent nitrogen con-
centrations were measured every day in order to determine whether the
process was stable. The ASBBR was operated at room temperature
(25–27 °C). A time controller was installed to achieve the reactor au-
tomatic operation.
2.2. Synthetic wastewater and seed sludge
The compositions of synthetic wastewater were as follows: COD (as
glucose), 300mg/L; nitrate (as KNO3), 50mg/L; phosphate (as
K2HPO4), 5 mg/L; CaCl2, 40 mg/L; MgSO4·2H2O, 20mg/L; FeSO4·2H2O,
20mg/L and microelement solution 1.0 mL/L. The influent COD/N was
controlled at 6 to ensure the effect of heterotrophic denitrification
(Dong et al., 2018). The compositions of the microelement solution
were as follows: H3BO3 0.05 g/L, ZnCl2 0.05 g/L, CuCl2 0.03 g/L,
MnSO4·H2O 0.05 g/L, (NH4)6MoO24·4H2O 0.05 g/L, AlCl3 0.05 g/L,
CoCl2·6H2O 0.05 g/L, NiCl2 0.05 g/L. The influent pH value was nor-
mally at 6.8 by adding NaHCO3 and needed no further adjustment. The
seed sludge was collected from a lab-scale sequencing batch reactor
(SBR), which was operated about two years for treating high ammonia-
nitrogen wastewater. The initial mixed liquid suspended solids (MLSS)
of ASBBR was controlled at 3.0 g/L.
2.3. EPS, SMP extraction and fluorescent spectra
A heat extraction method was used to extract the loosely bound EPS
(LB-EPS) and tightly bound EPS (TB-EPS) from the seed sludge and
biofilm. The sludge suspension was cleaned for three times by cen-
trifuging in a 50-mL tube at 4000g for 5min. The sludge was then re-
suspended into 15mL of 0.05% NaCl solution that was pre-heated to
70 °C. The supernatant was regarded as LB-EPS after centrifugation at
4000g for 10min. Heating at 60 °C for 30min after adding 15mL 0.05%
NaCl solution that was pre-heated to 70 °C, the supernatant was re-
garded as TB-EPS after centrifugation at 4000g for 15min (Li and Yang,
2007). Mixture collected from ASBBR were centrifuged at 4000 rpm
and filtrated at 0.45-μm membrane filter, the supernatant to represent
SMP. 3D-EEM scans of EPS and SMP were made at the emission wa-
velengths (Em) from 200 nm to 400 nm with a 10 nm-increment and at
the excitation wavelengths (Ex) from 280 nm to 550 nm at 0.5 nm-in-
crements with 5 nm intervals, keep the scanning speed at 1200 nm/min
for all the measurements.
in populated region are seriously exceeded the maximum level (10 mg/
L) allowed by the Global Environment Monitoring System database (He 
et al., 2011). Moreover, discharge of industrial wastewater and ex-
cessive N fertilizer application might be expected to lead to nitrate 
pollution of groundwater (Li et al., 2016). In most wastewater treat-
ment plants (WWTPs), the lack of sufficient carbon source in waste-
water treatment can also lead to accumulation of nitrate and nitrite in 
the effluent (Pott and Fohrer, 2017).
For the treatment of nitrate containing wastewater, reverse osmosis, 
ion-exchange, active metal reduction, catalysis and biological deni-
trification are the most widely applied methods. Biological deni-
trification is the process that nitrate and nitrite are reduced to gaseous 
nitrogen (N2) through a series of biochemical processes by microbial 
metabolism, which is considered to be an efficient and environment-
friendly technique of nitrogen removal (Haugen et al., 2002). However, 
activated sludge system may be unstable under the impact of external 
environment, and the nitrogen removal efficiency is hard to maintain at 
a high level. In comparison with traditional suspended-growth acti-
vated sludge, biofilm has advantages of low land requirement, great 
impact resistance to toxicity, easy to achieve solid-liquid separation and 
no sludge backflow. Till now, biofilm has been applied for treating 
various low-concentration wastewaters by using different types of re-
actors (Rodgers et al., 2003).
It is reported that N2O emission is associated with autotrophic ni-
trification and heterotrophic denitrification in biological wastewater 
treatment (Wunderlin et al., 2012). Analysis of literature favoring N2O 
production in nitrification and denitrification stages are identified: low 
dissolved oxygen (DO), increased nitrite concentrations, rapidly chan-
ging conditions or low ratio of chemical oxygen demand COD to nitrate 
(Kampschreur et al., 2009). In denitrification process, the electrons 
were originally devoted by organic carbon compounds and then 
transferred to the nitrogen oxide reductases, including nitrate reductase 
(NAR), nitrite reductase (NIR), nitric oxide reductase (NOR) and nitrous 
oxide reductase (N2OR), to reduce the corresponding nitrogen oxides. 
Nevertheless, N2O could accumulate and emit to atmosphere due to the 
incomplete denitrification caused by inadequate operational conditions 
(Wang et al., 2018). The mechanisms of N2O emissions from nitrifying 
activated sludge have been widely investigated, while little information 
could be found in the heterotrophic denitrification biofilm under anoxic 
conditions. The investigation on N2O production would provide a the-
oretical basis for controlling the emission of greenhouse gases in bio-
logical denitrification process.
Generally, nitrate removal efficiency in denitrification biofilm is 
closely related to the content of COD in wastewater. It is important to 
provide suitable COD as electron donor for nitrate treatment to avoid 
excessive concentration of organic matter in the effluent. Soluble mi-
crobial products (SMP) are regarded as the major component of the 
effluent COD in many cases (Kunacheva and Stuckey, 2014). SMP are 
defined as the pool of organic compounds that released into solute from 
substrate metabolism (Yu et al., 2015). Dong et al. (2018) evaluated the 
SMP formation from aerobic granular sludge in denitrification process 
by using spectrometric approaches, implying that SMP production were 
strongly strengthened by increasing COD/N ratio. Although most of 
SMP can be slowly biodegraded by microorganism, recalcitrant SMP in 
the effluent is a problem for practical application (Libing and Jianlong, 
2013). Therefore, it is significant to investigate the variations of the key 
components in SMP of biofilm denitrification process.
Based on the above discussion, the achievement and performance 
evaluation of biological denitrification was investigated in an anoxic 
sequencing batch biofilm reactor (ASBBR). The release rate of N2O in a
typical cycle of ASBBR was studied during the stable operation phase. 
SMP were analyzed by a combination of three-dimensional Excitation-
emission matrix (3D-EEM), parallel factor analysis (PARAFAC) and 
Fourier Transform Infrared Spectroscopy (FTIR) after the formation of 
denitrification biofilm. Microbial community of denitrification biofilm 



















3. Results and discussion
3.1. Performance of ASBBR
Fig. 1 showed the performance of nitrogen removal in the ASBBR
during the whole experimental period (90 days). According to the ef-
fluent concentrations of nitrogen compounds, the experiment could be
divided into two stages: start-up stage (1–30 days) and steady state
stage (31–90 days). In the early stage I (1–10 days), the effluent NO3−-
N concentration was averaged at 25mg/L after being inoculated with
seed sludge, and the maximum NO2−-N concentration never exceeded













































Fig. 1. Performance of nitrogen removal in the ASBBR during the whole op-
eration.
EPS type PRO (mg/g) PS (mg/g) PRO/PS
Seed sludge LB-EPS 5.7 1.2 4.75
TB-EPS 40.4 5.2 7.77
Biofilm LB-EPS 2.5 0.6 4.16
TB-EPS 21.2 3.2 6.63
2.4. Microbial community analysis
Two samples were collected from the two stages, stage 1 and stage 2 
represented the biofilm and the seed sludge. Total genome DNA of the 
samples were extracted by using cetyltrimethy l ammonium bromide/
sodium dodecyl sulfate (CTAB/SDS) method. DNA concentration and 
purity were monitored on 1% agarose gels. DNA was diluted to 1 ng/μL 
in centrifuge tube by using sterile water. The diluted genomic DNA was 
used as a template on the 16S V4 region. Efficient high-fidelity enzyme 
and bacterial diversity primers 515F (5′-GTGCCAGCMGCCGCGG 
TAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) with the bar-
code were used to amplify the V4 region of 16S rDNA gene. High-
throughput sequencing analysis was sent to Novogene Co., LTD 
(Beijing, China).
2.5. Analytical methods
The concentrations of COD, NO2−-N and NO3−-N were detected by 
using UV–Vis spectrophotometry according to the standard methods 
(APHA, 2005). The polysaccharides (PS) and protein (PRO) contents 
were determined by using anthrone-sulfuric method and modified 
Lowry method, respectively (Larson et al., 1986). 3D-EEM spectra were 
characterized by using a Luminescence spectrometer (LS-55, Perkin-
Elmer Co., USA). FTIR analysis of SMP samples were recorded by using 
a Perkin-Elmer FTIR spectrometer (United States). Before measurement, 
SMP samples were freeze-drying at −60 °C. N2O concentration was 
measured by using a gas chromatography (7890B, Agilent USA) with an 
electron capture detector (ECD) and a Poropak Q column. FNA con-
centration and N2O conversion rate were calculated by the following 
expressions:
1.0 mg/L when fed with 50 mg/L NO3−-N. In the following stage I 
(11–30 days), NO2−-N accumulation was observed as the intermediate 
product with the decrease of NO3−-N on the 17th day. In our previous 
literature, the ratio of COD/NO3−-N at 6 was sufficient for the complete 
denitrification (Dong et al., 2018). Therefore, the nitrite accumulation 
was not caused by organic shortages. Actually, the nitrate in the deni-
trification system included two kinds of sources, i.e. the residual nitrate 
in the previous cycle and new nitrate in the influent. Therefore, most of 
the NO3−-N concentration was reduced to NO2−-N but not continues to 
N2 because of the increased nitrate loading of the denitrification 
system. Afterwards, the nitrite reduction was observed due to the en-
richment of denitrifying bacteria onto biofilm. It was found that NO2−-
N concentration gradually decreased to 1.78 mg/L on the 30th day, 
suggesting that the ability to reduce NO3−-N to NO2−-N was enhanced 
with the biofilm growth and the enrichment of denitrifying micro-
organisms on the carrier. Cui et al. (2017) also found that NO2−-N 
accumulation may be caused by biofilm growth and different filtration 
velocities in a denitrifying biofilter.
During the steady state period (Stage II), the effluent NO3−-N 
concentrations were approximately 1.12 ± 0.66 mg/L (n = 40), 
whereas the NO3−-N removal efficiencies were maintained at relatively 
high levels (91–99%) in the ASBBR system. It was found that the 
average NO3−-N removal rate was reached 0.146 kg·m−3·d−1 in Stage 
II, which was two times higher than that of early stage I 
(0.075 kg·m−3·d−1). Since glucose was easy to be degradable, therefore 
the effluent COD removal efficiency was average at 94.9% (n = 5). The 
final effluent concentrations of COD (15.3 ± 0.5 mg/L) and TN 
(1.35 ± 0.69 mg/L) could satisfy Chinese discharge limits (< 50 mg-
COD/L and < 15 mg-TN/L). The results of Stage II implied that the 
ASBBR operated steadily for more than two months, maintained high 
efficiency for nitrogen removal. Therefore, anoxic biofilm was a steady, 
efficient and environment friendly approach for heterotrophic deni-
trification.
3.2. EPS analysis for denitrification biofilm formation
EPS are a complex high-molecular-weight mixture of polymers ex-
creted from microorganisms, which are responsible for microbial ag-
gregation, adhesion and biofilm formation through maintaining the 
three-dimensional structure and scaffolding cells together (Toyofuku 
et al., 2015). As the main compositions of LB-EPS and TB-EPS, PRO and 
PS were measured and compared in the seed sludge and denitrification 
biofilm. As displayed in Table 1, the PRO and PS contents in TB-EPS 
were significantly higher than those in LB-EPS. PRO contents were 
4.16–7.77 times higher than PS contents in both LB-EPS and TB-EPS, 
which may be attributed to the presence of a large quantity of exoen-
zymes in seed sludge. Generally, the large amount of EPS secreted by 
attached microorganisms could serve to enhance microbial adhesion 
and promote denitrification biofilm formation. Zhang et al. (2019) 
found that EPS in biofilm increased from 76.3 to 205.3 mg gVSS−1
compared to suspended sludge. However, the opposite tendency was 
obtained in this study, PS in LB-EPS and TB-EPS after biofilm formation 
decreased from 1.2 and 5.2 mg/g to 0.6 and 3.2 mg/g respectively, and 
PRO decreased from 5.7 and 40.4 mg/g to 2.5 and 21.2 mg/g, respec-
tively. The inhibition of PS and PRO productions in biofilm formation
Table 1
Changes in LB-EPS and TB-EPS contents during the ASBBR achievement pro-
cess.
was mainly attributed to the external environment, such as feed water
characteristics and operational conditions. One reason was that the seed
sludge changed from aerobic condition to anoxic condition that caused
EPS reduction. Hoa et al. (2003) also observed that EPS production was
lower in anaerobic than in aerobic processes. Another reason was that
the seed sludge was collected from a SBR that cultured under the high
DO condition (7–8mg/L) for AGS cultivation, causing that the total EPS
content (about 52.5mg/g) was much higher than that of traditional
activated sludge in WWTPs (5.4 ± 0.4mg/g) reported by Zhu et al.
(2012). In addition, the decrease of TB-EPS content was much higher
than that of LB-EPS, suggesting that TB-EPS may be susceptible to the
influence of external environment. The ratio of PRO/PS in TB-EPS in




































































































Fig. 2. 3D-EEM fluorescence spectra of LB-EPS and TB-EPS in seed sludge and biofilm: (A) LB-EPS in seed sludge, (B) TB-EPS in seed sludge, (C) LB-EPS in biofilm, (D)
TB-EPS in biofilm.
Fig. 3. Variations of nitrogen compounds and system parameters in a typical cycle of ASBBR: (A) COD; (B) Nitrogen compound; (C) N2O emission rate; (D) FNA.
the present study was about 6.63, which was much higher than that of
denitrification biofilm (2.7) reported by Wang et al. (2019), and a
higher PRO/PS ratio in TB-EPS was beneficial to the stability of biofilm.
3D-EEM was applied to evaluate the changes in chemical compo-
sitions of LB-EPS and TB-EPS from seed sludge and biofilm. It was found
from Fig. 2 that two major peaks (peak a and peak b) were appeared in
each fluorescence spectrum, which were identified at the excitation/
emission (Ex/Em) wavelengths of 260–280/360 and 220–230/380 nm,
respectively. Peak a and b were represented as tryptophan protein-like
and aromatic protein-like substances, respectively. After the biofilm
was formed, the fluorescence intensity in two peaks of TB-EPS de-
creased from 247.58 and 773.18 a.u. to 101.54 and 354.62 a.u., re-
spectively. The significantly changed of EPS composition may be in
connection with the formation of biofilm, and could also due to




























































































































































































Fig. 4. Fluorescence spectra of SMP samples in a typical cycle of ASBBR: (A) 5min; (B) 10min; (C) 30min; (D) 60min; (E) 120min; (F) 240min; (G) 360min; (H)
480min.
3.4. SMP production of ASBBR system
3.4.1. EEM
The SMP samples in a typical ASBBR cycle were collected and
measured by using 3D-EEM spectra. It was found from Fig. 4A that four
main peaks (Peak a, Peak b, and Peak c, Peak d) were identified at Ex/
Em wavelengths of 280/350, 240/360, 260/480 and 340/445 nm in the
first 5 min, respectively, which were regarded as tryptophan protein-
like, aromatic protein-like, fulvic acid-like and humic-like substances
(Zichao et al., 2013). In initial influent process, the abundant nitrate
and organic matter stimulated the release of SMP, and therefore the
fluorescence intensities of the four peaks were high of 108.5, 71.6, 83.2
and 55.2 a.u., respectively. After a cycle of operation, the fluorescence
intensities of protein-like substances significantly changed and the
other two peaks did not change obviously, indicating that protein-like
substances played a critical part in denitrification process. Previous
literature has been well reported that protein-like substances are easily
bio-degradable, whereas humic-like substances are non-biodegradable
(Wang et al., 2009).
3.4.2. PARAFAC analysis
The combination of PARAFAC analysis and 3D-EEM analysis is
widely used in SMP qualitative analysis of wastewater treatment pro-
cess. It can decompose fluorescence signals into relatively independent
fluorescent components, thus solving the problem of overlapping
fluorescent regions (Ishii and Boyer, 2012). As shown in Fig. 5A and B,
two fluorescence components (1 and 2) of SMP samples were identified
by PARAFAC based on EEM spectra. There are two main peaks in
component 1 at Ex/Em of 275/350 nm and 240/350 nm, representing
the existence of tryptophan protein-like substances and aromatic pro-
tein-like substances. By contrast, two peaks in component 2 at Ex/Em of
340/440 nm and 250/440 nm indicated the presence of humic-like and
fulvic acid-like substances, respectively (Phong and Jin, 2015).
As shown in Fig. 5C, PARAFAC model provided the relative scores of
the two fluorescent components that were related to their changed
concentrations in the EEM dataset. Generally, the production of SMP
existed in the whole denitrification process due to the microbial me-
tabolism. However, it was found that the fluorescence intensity scores
of the component 1 decreased from 0.42 to 0.31, then increased to 0.39
and decreased to 0.31 at the end of the typical cycle. In contrast, the
intensity scores of component 2 remained relatively stable. In 5–60min,
protein-like substances (component 1) may be utilized as organic
carbon source for nitrate reduction, thus the scores showed a downward
tendency. Yang et al. (2017) also observed that SMP can be regarded as
newly generated organic carbon source as electron donor for anoxic
denitrification. In 60–180min, the increased scores of component 1
suggested that the effect of SMP production was higher than that of
consumption with the nitrate reduction. Moreover, SMP could also be
released from microorganisms in activated sludge or biofilm system to
relieve environmental stress (Aquino and Stuckey, 2004). Therefore,
more SMP may be formed to relieve nitrite stress in the initial deni-
trification process. Afterwards, the reduction of nitrite by denitrifying
bacteria may lead to protein-like substances were utilized and therefore
the scores decreased till the end of the cycle.
3.4.3. FTIR
The effect of denitrification on the chemical composition and major
functional groups of SMP were analyzed by using FTIR spectrum. FTIR
spectra of SMP extracted at 10, 60, 240 and 480min were shown in
supplementary data. Four obvious peaks in SMP were observed. The
absorption peak at 3200–3600 cm−1 suggested the presence of hy-
droxyl from PS and amino group from PRO. As for the peak at ap-
proximate 1641–1651 cm−1 region was corresponded to C]C (of the
aromatic hydrocarbons) stretching vibrations of aromatic proteins and
C]O vibrations of amides, which were closely related to bio-floccula-
tion and the formation of biofilm. The peak at 1400 cm−1 was caused
microorganisms by transferring from aerobic to anoxic environments 
(Seok-Hwan et al., 2007). In addition, the slightly variation of the peaks 
positions might due to the change of some enzymes activity in the 
biosynthesis and metabolism pathway of organic matter, which were 
needed to be further studied.
3.3. Water quality and N2O emission in a typical ASBBR cycle
At steady state stage (at day 80), the variations of nitrogen com-
pounds and system parameters in a typical cycle of ASBBR were mea-
sured and shown in Fig. 3. Throughout of the anoxic process in the 
cycle, DO was controlled at about 0 mg/L, pH value presented gradual 
upward trend from 6.81 to 7.17 (Supplementary data). As shown in 
Fig. 3A, the amount of COD decreased sharply from 298.5 to 43.6 mg/L 
at 180 min with the reduction of NO3−-N, and decreased slowly to 
15.6 mg/L till the end of the reaction. It is observed from Fig. 3B that 
NO3−-N denitrification removal in ASBBR consisted of two phases: a 
rapid initial decrease from 6 to 30 min, followed by a long period of 
much slower decline from 30 to 240 min. In the beginning (0–5 min) of 
cycle, the NO3−-N concentration declined from 50 mg/L to 24.7 mg/L 
due to the dilution process. Afterwards, NO3−-N was gradually reduced 
to 0.9 mg/L as the electron acceptor for denitrification in the presence 
of organic matter. In contrast, as one of the intermediates in NO3−-N 
reduction process, NO2−-N expressed an increased tendency in the first 
hour and reached the peak point of 11 mg/L at 60 min. The reason of 
NO2−-N accumulation may be probably because of the NO2−-N re-
duction rate falling behind the rate of NO3−-N reduction in deni-
trification process (Wilderer et al., 1987). In the following time 
(60–480 min), NO2−-N declined to about 2 mg/L at 240 min and could 
be removed completely after 480 min. At the end of the cycle, the ef-
fluent NO3−-N, NO2−-N and COD concentrations were 0.38, 2.09 and 
15.6 mg/L, respectively, resulting in TN and COD removal efficiencies 
reached 95.0% and 94.8%, respectively.
N2O can be produced in both nitrification and denitrification pro-
cesses at lab-scale and full-scale WWTPs. It has been reported that the 
presence of nitrite, low DO concentration, low pH, and low COD/N 
ratio can result in N2O accumulation during denitrification process 
(Itokawa et al., 2001). As shown in Fig. 3C, N2O release rate dramati-
cally increased to the maximum value of 3.88 μg/min at 120 min, then 
gradually reduced to 0.13 μg/min at 480 min. It was observed that N2O 
release rate was positively correlated with nitrite concentration 
(Fig. 3B). The obtained results may be caused that nitrite and N2OR 
would compete for electrons, N2O accumulated when the electron flux 
going to nitrite reduction was higher than that going to N2O reduction 
(Pan et al., 2013). In addition, the competition for electron donors 
between nitrite and nitrate reductases under co-existence of nitrite and 
nitrate could also result in N2O incomplete reduction (Zhou et al., 
2011). As a result, the N2O-N conversion rate was at 1.27%. It was 
found that the N2O emitted from denitrification process was much 
lower than nitrification process (Hu et al., 2011).
In addition to the effect of nitrite concentration, it is accepted that 
free nitrous acid (FNA), determined by nitrite concentration and pH, is 
likely the true inhibitor of N2O reduction (Zhou et al., 2008). As shown 
in Fig. 3D, FNA concentration increased to the maximum value of 
9.97 μg/L at 60 min, and decreased to 1.04 μg/L till the end of the cycle. 
It was observed that N2O release rates were releated to the FNA con-
centrations. Zhou et al. (2008) reported that the N2O reduction de-
creased by 50% at FNA concentrations of 0.7–1.0 μg HNO2-N/L in a 
denitrifying-enhanced biological phosphorus system, and totally in-
hibited when FNA concentration was higher than 4 μg HNO2-N/L. Yang 
et al. (2016) also reported that N2O accumulation ratio increased from 
0.002% to 0.405% when the FNA concentration increased from 0.009 
to 0.31 μg N/L in a sulfide-driven autotrophic denitrification. It has 
been reported that the relative N2O reduction rate declined from 60.4%
to 8.2% when FNA concentration increased from 20.5 μg N/L to 
58.3 μg N/L (Yajiao et al., 2018).
by eCOOe symmetric stretching vibration of deprotonated carboxyl
group in aspartic acid. Peak at approximate 619–621 cm−1 was asso-
ciated with the unsaturated bonds in the sample (Park et al., 2005).
3.5. Microbial community structure analysis
Microbial community changes and characteristics during biofilm
formation were evaluated by using High-throughput sequencing ana-
lysis of 16S rRNA amplicon technology. The phylogenetic character-
istics of the bacterial communities were studied by comparing the re-
lative abundances. As shown in Fig. 6A, Proteobacteria was the most
abundant phylum after biofilm formation, accounting for 75.21% of
total effective bacterial sequences in biofilm (stage 1). The following
phyla were Bacteroidetes, Planctomycetes, Chloroflexi and Acidobacteria.
Compared with the seed sludge (stage 2), the abundance of Proteo-
bacteria, Planctomycetes and Firmicutes increased from 46.55%, 0.98%,
and 0.68% to 75.21%, 3.0% and 1.59%, respectively. Proteobacteria and
Planctomycetes were commonly associated with biological nitrogen re-
moval processes (Lei et al., 2016). Firmicutes can produce spores that
resist dehydration and other extreme environments, which was closely
related to the formation of biofilm (Etienne et al., 2013). Moreover, the
proportions of Bacteroidetes, Chloroflexi and Actinobacteria were main-
tained at relative stable levels. It was accepted that Bacteroidetes was
related to denitrification process and also can contribute to the de-
gradation of more recalcitrant compounds that may accumulate in
biofilms (Gabarró et al., 2013).
It was found from Fig. 6B that Gammaproteobacteria, Bacteroidia,
Alphaproteobacteria and Deltaproteobacteria were detected as dominant
classes in two kinds of samples. The total proportions of four corre-
sponding classes were 87.3% and 60.92% in biofilm (stage 1) and seed
sludge (stage 2), respectively. Detailed, the proportions of Gammapro-
teobacteria and Alphaproteobacteria in biofilm increased by 21.08% and
8.38%. It was reported that Gammaproteobacteria and Alphaproteo-
bacteria had denitrifying abilities for nitrogen removal in a submerged
biofilm membrane bioreactor by adding sponge and biodegradable PBS
carrier (Han et al., 2018). Moreover, Alphaproteobacteria was capable of
denitrifying N2O to N2 (Gabarró et al., 2014). Other literature has been
reported that Deltaproteobacteria make up a significant proportion of
N2O-reducing community in different conditions (Jones et al., 2013).
The differences in genera level of bacteria among the two samples
were displayed in Fig. 6C. A top 100 genera were identified from bio-
film and seed sludge to characterize the composition of bacterial
community. It was obvious that the proportions of Lysobacter, Tolu-
monas and Thauera in seed sludge and biofilm were increased by 4.23%
15.66% and 3.55%, respectively. Lysobacter is possibly of facultative
autotrophic denitrifiers (Xu et al., 2015). Tolumonas may produce
electrons donors for denitrifiers to indirectly contribute to denitrifica-
tion, which was commonly identified in activated sludge and fresh-
water lake sediment (Saia et al., 2015). Moreover, the relative abun-
dances of Tolumonas increased in an aerobic granular sludge membrane
bioreactor, which were speculated to be the functional bacteria for
degrading antibacterial and anti-inflammatory organic matter (Wang
et al., 2016). It was noting that the abundance of Denitratisoma de-
creased from 4.97% to 0.75% in anoxic biofilm community, which may
be influenced by sludge size distribution or biofilm thickness (Liu et al.,
2017).
4. Conclusion
In summary, high-efficient nitrogen removal was achieved in an
anoxic biofilm denitrification system. LB-EPS and TB-EPS contents de-
creased after biofilm formation. 3D-EEM showed that protein-like,
fulvic acid-like and humic-like substances were identified in SMP, and
the fluorescence intensities changed significantly with reaction time
during one typical cycle. N2O release rate varied with the variation of
FNA concentration. Microbial community structure analysis showed
that Lysobacter, Tolumonas and Thauera were the dominant genera that
were increased by 4.23% 15.66% and 3.55% after biofilm formation.


















































































Fig. 5. Fluorescence components of SMP samples identified by PARAFAC based on EEM spectra: (A) Component 1; (B) Component 2; (C) Fluorescence intensity
scores of two PARAFAC-derived components.
 component 2
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